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Abstract

Pressure-driven transport of dilute electrolytes in microporous membranes containing terminally-anchored charged poly(amino acids)
(PAA) has been investigated through both experimental characterization and model evaluation. The membrane pore structure was modified
via single-point covalent attachment of either negatively (poly(l-glutamic acid) or PLGA) or positively-charged polypeptides (poly(l-arginine)
or PLA and poly(l-lysine) or PLL) allowing for separations using microporous materials (i.e. cellulosic, silica/polyethylene composites).
Thus, efficient exclusion of ionic species can be achieved in open membrane platforms with considerably lower pressure requirements than
conventional NF. For instance, the solute rejection of 0.5 mM solutions of environmentally-toxic species, such as divalent oxyanions of As(V)
and Cr(VI), using a PLGA functionalized silica support (pore size∼100 nm) was >80% at 0.7 bar. The effects of solute type, concentration, pH,
polypeptide loading and pore coverage of the attached macromolecule on the observed solute rejection and hydraulic permeability have been
examined. In addition, immobilization of PLGA allows for conformation-based alteration of membrane separation properties upon changes
in pH. These morphological transitions were investigated through application of permeability data to a two-region pore model describing
solvent transport. This allows for theoretical evaluation of the effective thickness of the polypeptide-containing pore region. Ion transport was
then modeled using a two-dimensional approach based on the extended-Nernst Planck equations coupled with Donnan equilibrium principles.
The required parameters are the effective membrane surface charge density and the PAA pore coverage as determined through permeability
studies. This analysis allows for evaluation of the fixed membrane charge density based on solute rejection data, as well as, estimation of the
electrostatic properties of the immobilized poly(amino acids) (i.e. pKa shifts, pH dependent thickness of polymer containing pore region).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The development of novel membrane architectures can be
accomplished by the alteration of base polymer or inorganic
substrate properties or through the surface modification of
existing materials via chemical treatment. The latter ap-
proach allows for the tailoring of specific properties (i.e.
selectivity, resistance to biofouling, reaction kinetics) using
support materials with well-established characteristics (i.e.

Abbreviations: BC, bacterial cellulose; GOPS, 3-glycidoxypropyl-
trimethoxysilane; PAA, poly(amino acid); PE, polyethylene; PLGA,
poly(l-glutamic acid); PLA, poly(l-arginine); PLL, poly(l-lysine); PVP,
poly(vinylpyrrolidone)
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mechanical or thermal stability). Of the various surface
modification techniques, the immobilization of functional
macromolecules within microporous media has gained in-
terest due to possible applications involving chiral recogni-
tion [1], photo-modulated sensor design[2], high capacity
ion-exchange[3–5] and tunable membrane separations[6].
The primary objective of this study is to investigate the
applicability of poly(amino acid) (PAA) functionalized mi-
croporous membranes to the separation of dilute electrolytes
(such as, As(V), Cr(III), Cr(VI)) from aqueous solutions. In
addition, theoretical evaluation of ion transport in these func-
tionalized porous materials will be analyzed using a two-
dimensional model based on the extended Nernst–Planck
equations coupled with Donnan equilibrium principles.

Increasingly stringent government regulation regarding
the maximum contaminant level (MCL) of toxic metals
in groundwater, such as arsenic (MCL= 10�g/l) and
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chromium (MCL= 50�g/l), has facilitated a need for sep-
aration processes designed specifically for dilute systems.
Inorganic arsenic and chromium, both known carcinogens,
are typically present in surface and groundwater as divalent
oxyanions (HAsO42−, CrO4

2− or Cr2O7
2−) making them

ideal solutes for charged-based membrane separations.
Nanofiltration (NF) has been recognized as a promising sus-
tainable technology for removal of these toxic compounds.
However, NF processes require applied pressures of around
10 bar to achieve adequate separation. The range of appli-
cability of charged membrane processes for the separation
of ionic solutes would increase significantly with the de-
velopment of platforms with reduced pressure requirements
(<5 bar) and thus greater energy efficiency.

In this study, high molecular weight charged polypeptides
(poly(l-glutamic acid) or PLGA, poly(l-arginine) or PLA
and poly(l-lysine) or PLL) have been incorporated within
the pore structure of both silica and cellulose-based micro-
porous (0.1–0.2�m) supports through single-point covalent
attachment. The long-range character of electrostatic in-
teractions induced by these charged macromolecules not
only mimics the separation mechanism of conventional NF
leading to Donnan-type exclusion of ionic species, but also
allows for conformation-based alteration of membrane
transport characteristics (i.e. permeability, solute rejec-
tion). Ion selectivity is determined by the acidic (negatively
charged, i.e. PLGA) or basic (positively charged, i.e. PLA,
PLL) properties of the side groups associated with each
PAA sequence. Due to the open pore geometry associated
with these materials, there is much less resistance to sol-
vent transport allowing for low-pressure operation. Grafting
terminally anchored linear polymer chains avoids the need
for a cross-linked polymer network. Chemical cross-linking
restricts polymer chain mobility resulting in membrane ma-
terials characterized by much lower water permeability[7].
This work will establish the effects of solute type, salt con-
centration, pH, polypeptide loading and pore coverage of the
attached macromolecule on the observed solute rejection and
hydraulic permeability of these pore-modified membrane
materials.

2. Background and theory

2.1. Properties of poly(amino acids)

Fundamental studies on the behavior of charged poly
(amino acids) in homogeneous solution[8,9] and in
terminally-anchored brush layers[10,11] reveals interesting
properties useful for advanced material design. The mor-
phology of charged polypeptides in homogeneous solution
has been well established to depend on the properties (pH,
ionic strength, counter-ion type) of its surrounding environ-
ment. These titrating polyelectrolytes are particularly well
suited for modulating chemical signals because their mor-
phology is dependent upon the electrostatic interactions be-

tween side group constituents. Due to the proximity of their
titrating sites, the acidic or basic properties of poly(amino
acids) can dramatically differ from their corresponding
monomeric residues. The average degree of ionization,α,
of a polyacid chain (i.e. PLGA) is related to its dissociation
constant,Ka, according to the active mass law

α

1 − α
= Ka

[H3O+]
(1)

where [H3O+] is the concentration of protons in solu-
tion. For monoacids in solution, the dissociation constant
(Ka = Ka0) is a quenched property, one that is both fixed
and independent of external conditions. In contrast, the dis-
sociation constant associated with charged macromolecules
varies with its degree of ionization. Electrostatic interac-
tions between neighboring charged side chains of polyacids
adversely affect the overall tendency of the macromolecule
to deprotonate. Thus, increasing values ofα are accompa-
nied by a subsequent change in the apparent dissociation
constant (�pKa = pKa − pKa0) [12]. The magnitude of
the pKa shift can also depend upon the morphology of the
polymer chain, in particular, the spacing between its adja-
cent titrating sites. Conformational transitions, well docu-
mented for polypeptides in solution, mitigate the effects of
intramolecular charge interactions resulting in a lowering of
�pKa.

Immobilization, whether covalent or non-covalent, can
also introduce significant differences in the characteristics
of charged poly(amino acids). Abe et al.[13] studied the in-
termolecular interactions between opposed brush layers of
grafted PLGA through surface force measurements. This re-
search group determined that the electrostatic behavior of
the immobilized polypeptide was dependent upon the den-
sity of the grafted polymer chains. Above a critical density
of about 0.2 chains/nm2 [13], counterions become tightly
bound to the macromolecule suppressing its degree of ion-
ization. This suggests that the optimal utilization of the at-
tached polyelectrolytes with regards to ion-selective separa-
tions will be at values below this critical density. Sufficient
chain spacing should allow the immobilized macromolecule
to exhibit the diffuse electrostatic behavior that has been ob-
served in the solution phase.

2.2. Model considerations

The separation behavior of these PAA functionalized
membranes was modeled assuming a cylindrical pore ge-
ometry with polypeptide chains uniformly bound along the
pore wall. At this point, the effects of pore size distribu-
tion and irregular pore geometry on solute retention were
ignored for simplicity. This idealized pore, shown inFig. 1,
suggests two distinctly different regions of ionic transport.
The properties (size, electric potential) of each region of
the pore cross-section are dependent upon the chemical
nature of the contacting solution (pH) and will be modeled
accordingly.
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Fig. 1. Schematic representation of a model cylindrical membrane pore
containing terminally bonded charged poly(amino acids).

2.2.1. Two-region velocity profiles
The conformational (i.e. helix, random coil) transitions

of the grafted polypeptide require the use of a moving in-
terface (pH dependent) between the core and PAA regions
(seeFig. 1). In other words, the position of the boundary
(r = Rc) separating the two regions varies with pH. This ra-
dial dependence can be approximated through permeate flux
measurements at varying solution pH. In the region devoid
of the grafted macromolecules (0≤ r < Rc), termed the
core region, the velocity distribution in the radial direction,
uc(r), is described by the equation of motion,

1

r

d

dr

(
r
duc

dr

)
+ 1

µ

dP

dx
= 0 (2)

where x is the axial variable of the capillary,P is the
hydraulic pressure andµ is the dynamic viscosity. Sol-
vent transport through the semi-permeable PAA region
(Rc < r ≤ Rp) can be determined using the well known
Debye–Brinkman equation,

1

r

d

dr

(
r
duB

dr

)
− uB

κ
+ 1

µ

dP

dx
= 0 (3)

where uB(r) is the PAA region velocity profile andκ is
the solvent-specific hydraulic permeability coefficient as-
sociated with this polypeptide containing region[14]. The
coupled velocity distribution,u(r), was solved through si-
multaneous evaluation ofEqs. (2) and (3)subject to the
boundary conditions,

uB(Rp) = 0,
duc

dr
(0) = 0

uc(Rc) = uB(Rc),
duB

dr
(Rc) = duc

dr
(Rc)

(4)

whereRc represents the solution-dependent radial boundary
between the core and PAA region. The permeability coeffi-
cient (κ) and the dependence ofRc on pH were determined
through an iterative procedure involving the integration of
the predicted velocity profiles over the pore cross-sectional
area,

Jv,p = Jv

(ε/τ)
=

∫ Rc
0 uc(r)r dr + ∫ Rp

Rc
uB(r)r dr∫ Rp

0 r dr
(5)

whereJv,p is the solvent flux within the membrane pore,
Jv is the experimentally measured solvent flux and (ε/τ)
is the ratio of membrane porosity to tortuosity. The per-
meability coefficient (κ) was adjusted until the calculated
solvent flux was in close agreement with correspond-
ing experimental measurements. Cohen et al. used this
two-region pore flow approach to describe shear-induced
permeability changes (i.e. the effect of solvent shear on
chain orientation) in porous membranes functionalized
with poly(vinylpyrrolidone) (PVP)[14]. In contrast, the
current study uses this modeling procedure to quantify
changes in the effective hydrodynamic thickness associated
with the morphological transitions of terminally grafted
biomolecules.

2.2.2. Equilibrium partitioning
The rejection of single salt solutions by charged mem-

branes is greatly influenced by the equilibrium distribution
of co-ions (ions with same charge as the membrane bound
functional groups) at the membrane–solution interface. Due
to this ion-partitioning effect, a potential difference (i.e. the
Donnan potential) is induced to maintain electrochemical
equilibrium. Given the conditions of electroneutrality in the
membrane and solution phases, the co-ion distribution for a
negatively charged membrane in contact with a dilute single
salt solution is described by

cm
2

c2
=

[ |z2|c2

|z2|cm
2 + |zx|Q

]|z2|/|z1|
(6)

wherezi is the ion valency (1, cation; 2, anion) andzx is
the valency associated with the fixed membrane charge,Q
(superscript ‘m’ denotes membrane phase)[15]. For mem-
branes grafted with charged poly(amino acids),Q is depen-
dent upon the degree of grafting, polypeptide chain length
(degree of polymerization) and the solution pH (seeEq. (1)).
It should be noted that for these experiments, the starting
counterions for anionic PLGA was Na+ and for cationic
PLA and PLL was Cl−.

2.2.3. Two-dimensional ion transport
Modeling ion transport in charged media has been a fun-

damental aspect of membrane science since the mid-sixties
with the classic works of Kedem and coworkers[16,17].
In relatively dense charged membranes (pore<3 nm),
ion transport is generally well described through a one-
dimensional approach that assumes a uniform distribution
of electric potential and solute concentration in the radial
direction[18,19]. However, this assumption is not valid for
membranes with much larger pore dimensions. For two-
dimensional ion transport at steady state, the flux of ioni
in the axial (jx,i) and radial (jr,i) direction can be described
using the extended Nernst–Planck equations,

jr,i = u(r)cm
i − Di

(
∂cm

i

∂r
+ zic

m
i F

RT

∂Φ

∂x

)
(7)
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jr,i = −Di

(
∂cm

i

∂r
+ zic

m
i F

RT

∂Φ

∂r

)
(8)

whereDi is the ion diffusivity in the membrane phase,R is
the gas constant,F is the Faraday constant,T is the absolute
temperature andΦ is the total electric potential. To account
for the radial distribution in the electric potential, Gross and
Osterle first proposed to representΦ as the superposition of
two distinct entities

Φ(x, r) = ψ(x, r) + ϕ(x) ∼= ψ(r) + ϕ(x) (9)

whereψ is the double layer potential originating from the
membrane charge andϕ is the axial streaming potential[19].
Given the pore dimensions of the membranes used in this
work (pore diameter: 100–200 nm), the axial variation inψ

was assumed small compared to the radial variation and both
the axial and radial ion diffusivity were assumed equivalent
to the bulk diffusivity of the respective ion. Substitution of
Eq. (9) into Eq. (8)with the condition of negligible flux in
the radial direction leads to the Boltzmann distribution,

cm
i (x, r) = Cm

i (x) exp

(
−ziFψ(r)

RT

)
(10)

whereCm
i (x) is the centerline ion concentration[20].

Given that the length of the pore is large compared to the
pore radius,Rp, the Poisson equation governing the double
layer potential distribution can be expressed as

∇2ψ(r) = −F

ε
[z1c

m
1 (x, r) + z2c

m
2 (x, r)] (11)

whereε is the dielectric permittivity of the single salt solu-
tion [20]. The boundary conditions used to solveEq. (11)
were

ψ(Rc) = 0,
∂ψ

∂r
(Rp) = qw

ε
(12)

whereqw is the charge density based on the surface of the
capillary [21]. The first condition requires the assumption
that the double layer potential established by the grafted
poly(amino acids) extends only to the core–PAA region in-
terface (r= Rc). Thus in the core region, the double layer
potential was assumed negligible. The second boundary con-
dition in Eq. (12)assumes that the electric potential estab-
lished by the delocalized charged side-chains of the grafted
polypeptide can be approximated using a uniform surface
charge density parameter. This parameter,qw, is related to
the fixed membrane charge,Q,

Q = 2qw

FRp
(13)

using the pore radius[22]. Therefore, evaluation of the sep-
aration performance of these membranes can be predicted
using a single parameter describing the concentration of
fixed charged groups within the membrane pore structure.
It should be noted that the second boundary condition given
in Eq. (12) is only valid for dilute solutions with constant
electrical permittivity[23].

2.2.4. Model evaluation procedure
The scheme used to model solute rejection for these novel

membrane platforms first required the determination of the
radial position of the core–PAA region interface (Rc) as a
function of solution pH as described inSection 2.2.1. Once
this relationship has been established, solute rejection be-
havior can be calculated for a given polypeptide attachment
or for a given volume density of total available ionizable
groups,QT. This quantity is related to the fixed membrane
charge,Q, by the following equation

Q = αQT (14)

using the degree of ionization of the grafted PAA chains.
Therefore, the fixed membrane charge is directly associated
with the pKa of the attached polypeptide and the solution pH
via Eq. (1). For the corresponding values ofQ, Eq. (6)can
be used to calculate the effects of ion-partitioning at both
membrane–solution interfaces.

The next step in the solution algorithm was to substitute
Eqs. (9) and (10)into Eq. (7) resulting in the following
expression

jx,i = exp

(
ziFψ(r)

RT

)

×
[
u(r)Cm

i − Di

(
dCm

i

dx
+ ziC

m
i F

RT

dϕ

dx

)]
(15)

for the local ion (i= 1,2) flux in the axial direction. Inte-
gration ofEq. (15)over the pore cross-sectional area,

Ji =
∫ Rp

0 ji,xr dr∫ RP

0 r dr
= 2

R2
p

[
Ki(C

m
i )Cm

i − Li(C
m
i )Di

×
(

dCm
i

dx
+ ziC

m
i F

RT

dϕ

dx

)]
(16)

where

Ki(C
m
i ) =

∫ Rp

0
u(r) exp

(
−ziFψ(r)

RT

)
r dr,

Li(C
m
i ) =

∫ Rp

0
exp

(
−ziFψ(r)

RT

)
r dr (17)

yields a one dimensional differential equation for the overall
ion flux, Ji (i = 1, 2)[20]. Evaluation of the integrals shown
in Eq. (17)can be determined through solution of the Poisson
equation (Eq. (11)) at values of the solute concentration
ranging from the feed to permeate. Using the condition of
no electric current,∑
i

FziJi = 0 (18)

the coupled ordinary differential equations given inEq. (16)
can be solved numerically to obtain the axial profile of solute
concentration, and thus, the solute rejection. The aim of the
proposed model is to describe electrolyte transport in porous
membranes containing terminally-anchored charged macro-
molecules. This approach allows for theoretical evaluation
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of the degree of attachment (in terms of the total available
ionizable groups,QT) based on comparison to solute rejec-
tion data. In addition, it accounts for the dynamic behavior
of the grafted biomolecule (pore coverage, degree of ioniza-
tion) in response to changes in its surrounding environment
and the effect of these changes on the hydraulic permeabil-
ity and separation behavior of the support material.

3. Experimental

3.1. Materials

Two types of microporous supports were used in this
study: a silica-based membrane (Daramic Corp.) and an
aldehyde-rich support comprised of high aspect ratio bac-
terial cellulose (BC) fibers. The former is commercially
prepared via extrusion of submicron silica particles with
polyethylene resin and plasticizer. The resulting membrane
contains approximately 70% silica by weight. Its pore struc-
ture is defined by the gaps between adjacent silica parti-
cles. Preparation of the aldehyde-rich cellulosic membranes
is given in detail in a previous publication[6]. The silane
used, 3-glycidoxypropyltrimethoxysilane (GOPS), was sup-
plied by Aldrich. Amine-terminated poly(l-glutamic acid)
(Na form, degree of polymerizationn = 241, 356), PLA
(hydrochloride,n = 44, 248, 270) and PLL (hydrochloride,
n = 97, 461) were obtained from Sigma. All metal salts
used unless otherwise noted were reagent grade and sup-
plied by Fisher Scientific. Dextran with an average molecu-
lar weight of 144 kDa was also obtained from Aldrich. All
aqueous feed solutions used in this study were prepared with
deionized ultrafiltered water from Fisher Scientific.

3.2. Poly(amino acid) functionalization

Covalent attachment involving the amine terminus of
poly(amino acids) requires the incorporation of reactive
functionalities within the pore structure of the membrane
material. The method of derivatization is dependent upon
the properties of the base support. Activation of the cellu-
losic membranes used in this study was achieved through
ozone oxidation resulting in a high degree of aldehyde func-
tionality [6]. The silica-based membranes were derivatized
under convective flow conditions via silanization using a 9%
solution (v/v) of GOPS ino-xylene at room temperature.
Chemical reaction between the silanol groups present within
the membrane and the methoxy groups of GOPS results in
epoxide formation on the pore surface. Residual silane was
subsequently removed through ethanol permeation.

For both types of membrane supports, the single-point
immobilization of poly(amino acids) (i.e. PLGA, PLA and
PLL) was carried out through permeation of 300 ml of an
approximately 150 mg/l aqueous solution at pH 9.2–9.8. The
pH conditions were chosen such that the terminal amine
group was not protonated and would participate in the nu-

Table 1
Physical characteristics of the membrane supports prior to polypeptide
immobilization

Cellulose Polyethylene/silica

Average pore size (nm) 100–210 96.4
Thickness (mm) 243–392 274
Internal surface area (m2/g) 120 80
Dry mass per external surface

area (mg/cm2)
12.7 15.3

cleophilic attack of the surface aldehyde/epoxide groups.
For cellulosic membranes, it should be noted that the imine
bond produced in the Schiff base reaction was subsequently
reduced via treatment with NaBH4 (Sigma) to enhance acid
resistance. This particular treatment was not required for
the silica-based membrane since the corresponding reaction
(amine/epoxide) results in a stable saturated bond.

3.3. Analysis of membrane properties

Physical properties of the base membrane supports used
in this study are shown inTable 1. The approximate pore
size of these membranes was estimated through scanning-
electron microscope images of their cross-section as shown
in Fig. 2 ((a) cellulose, (b) silica–polyethylene) using the
Fovea image Processing Software Package (sample size
∼200 pores). Internal surface area measurements (using
N2 at 77 K) were determined in previous studies (cellu-
lose [5], silica–PE[4]) using a Micromeritics ASAP 2000
BET surface area analyzer. The extent of PAA attachment
was measured through total organic carbon measurements
(TOC 5000A total organic carbon analyzer) of the feed and
permeate solutions. Experimental error for TOC analysis in
the range of 5–100 mg carbon/l was less than 2% for all
reported values.

Ion exclusion experiments were performed using a SEPA
ST membrane cell provided by Osmonics. This appara-
tus has a membrane cross-sectional area of 13.2 cm2 and
contains a stirring device placed in close contact to the
feed solution-membrane interface to minimize the effects
of concentration polarization. All metal solution concentra-
tions for both single and mixed electrolyte systems were
measured with a Varian AA575 series atomic absorption
spectrophotometer. Neutral solute rejection studies involving
high-molecular weight dextran were analyzed through TOC
measurements. Material balance calculations, performed on
all experiments, showed<5% error verifying the separation
mechanism (ion exclusion rather than adsorption).

4. Results and discussion

The low-pressure separation of electrolytes (both inor-
ganic and organic) from dilute solutions was achieved us-
ing microporous membrane materials functionalized with
charged poly(amino acids). For this particular application,
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Fig. 2. SEM images (both at 50 K magnification) of the surface of the (a) cellulosic (aldehyde-rich) and (b) silica-based (epoxide-rich) support membranes.

only amino acid residues having acidic (PLGA) or basic
(PLA and PLL) side chain functionalities are of interest.
Of the basic residues, the charge associated with the amino
group of lysine is more localized than the guanidinium cation
of arginine. Therefore, the electrostatic interaction of these
residues with ionic species in solution is expected to differ.
The isoelectric point of histidine, the only other basic amino
acid residue, is approximately 7.6 making it uncharged un-
der neutral solution conditions and thus limiting its applica-
tion to this study.

4.1. Permeability studies

The effects of solution pH on the solvent flux (at�P =
0.7 bar) of a silica-based microporous membrane func-
tionalized with PLGA (n= 356) at different attachment
densities are shown inFig. 3. Prior to polypeptide attach-

Fig. 3. Dependence of the measured solvent flux (Jv) on solution pH for a
silica-based microporous membrane functionalized with poly(l-glutamic
acid) (n= 356) at different attachment densities (�P = 0.7 bar).

ment, the unmodified support had an average pure water
flux of 18.3× 10−6 m/s at the corresponding applied pres-
sure (�P = 0.7 bar). The observed decline in permeation
rate at higher pH conditions can be attributed to the con-
formational transition of the attached polypeptide. In the
high pH regime, the carboxylate side groups of PLGA are
deprotonated. The repulsive force between neighboring con-
stituents causes the macromolecule to extend into the pore
cross-section in a random-coil formation. The presence of
these extended chains mitigates solvent transport resulting
in lower membrane permeability. At low pH, the degree of
ionization (Eq. (1)) is reduced alleviating the intramolecular
force acting on the macromolecule. Under these conditions,
PLGA will exist in a more compact�-helical formation
reducing the PAA region thickness (seeFig. 1) causing
the solvent flux to approach that of the unmodified sup-
port. Measurements of the permeate flux shown inFig. 3
alternated between high and low pH values to illustrate the
inherent reversibility of this process.

Another important aspect ofFig. 3 is the relatively low
attachment density (ranging from 0.7× 10−2 to 1.0× 10−2

chains/nm2) associated with these functionalized membrane
materials. These values were calculated based on the inter-
nal surface area (BET surface area using N2) determined for
the unmodified silica–polyethylene composite (seeTable 1).
At higher attachment density (0.010 chain/nm2), the modi-
fied support showed a much greater decline in permeate flux
when compared with the lower density (0.007 chain/nm2)
support. This is obviously the result of increased steric hin-
drance by the attached macromolecule on solvent transport
and would correspond to a lower permeability coefficient (κ)
associated with the PAA region. Theoretical evaluation ofκ

for both membranes shown inFig. 3 based onEqs. (2)–(5)
is given inSection 4.3.
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Fig. 4. Relationship between the normalized permeate flux (Jv,max

= maximum flux) and solution pH for both a poly(l-glutamic acid)[6]
(PLGA, n = 241) and a poly(l-arginine) (PLA,n = 270) functionalized
BC membrane.

Despite variation in the attachment density, both mem-
branes displayed an inflection point in permeate flux at
pH values in the vicinity of 4.5–5 indicating a dramatic
change in the degree of ionization (α) around these values.
This behavior contrasts that typically observed for materi-
als characterized by much greater PAA attachment density.
Hayashi et al.[11] measured the degree of ionization of op-
posed brush layers of PLGA in Langmuir–Blodgett (LB)
films through FTIR spectroscopy. The LB films studied in
this work had attachment densities in the vicinity of 0.4
chains/nm2 (greater than an order of magnitude difference
than the supports shown inFig. 3). For immobilized PLGA
(n = 48), the measured degree of ionization shifted from
0.19 at pH 9 to 0.61 at pH 10. These unusually low values of
α, as well as, the high pH value of ionization transition were
attributed to enhanced counterion binding to the acidic poly-
electrolyte. For low attachment density (<0.2 chains/nm2

[13]), counterions loosely bind forming a diffuse ion layer
around the charged macromolecule. As the interchain dis-
tance between these molecules is reduced, counterions bind
more strongly to form partially neutralized polyelectrolytes.
Therefore, proper design of functionalized membrane plat-
forms for charged-based separations must account for this
transition in the binding mode of counterions at higher at-
tachment densities.

To further verify that the dynamic behavior shown in
Fig. 3 could be attributed to the conformational transitions
of the grafted polypeptide, similar measurements were per-
formed on a membrane functionalized with PLA. A compar-
ative study between the effects of negatively-charged PLGA
and positively-charged PLA on the relationship between sol-
vent transport and solution pH is shown inFig. 4. The results
given were from separate coupons of the same fabricated BC
membrane support. Flux measurements were normalized us-
ing the maximum observed permeate flux (Jv,max) for both
functionalized membranes (i.e.Jv,max (PLGA) = permeate
flux at pH 3). The average degree of polymerization (n

Table 2
Solute rejection of various inorganic solutes (0.5 mM, pH 8) and a neu-
tral dextran (100 mg/l, pH 6) for a silica-based microporous membrane
functionalized with poly(l-glutamic acid) (n= 356, 0.010 chains/nm2) at
�P = 0.7 bar

Solute rejection (%)

Ionic solute
Na2SO4 88.6
Na2HAsO4 (As(V)) 87.7
Na2CrO4 (Cr(VI)) 80.0

Neutral solute
Dextran (MW= 144 kDa) 1.5

= number of repeat residues) for each grafted PAA chain
was relatively similar (PLGA:n = 241, PLA:n = 271). In
contrast to PLGA, membranes functionalized with PLA dis-
played no observed dependence between permeate flux and
solution pH under the conditions used in this study (Fig. 4).
The guanidinium cation (i.e. the side chain present at the�-
carbon position of the amino acid residue) associated with
l-arginine has a pKa of approximately 12. Thus, PLA should
remain fully ionized for the entire pH range shown inFig. 4
and would therefore undergo no conformational transition.
Conversely, monomericl-glutamic acid has a pKa of 4.07,
indicating a definitive transition between the protonated (low
pH) and ionized (high pH) state over the pH range used
in Fig. 4. Estimation of the pKa shift, �pKa, from this
monomeric value for terminally-grafted PLGA (n= 356)
will be discussed inSection 4.3.

4.2. Solute rejection studies

Experimental data regarding the solute rejection of
some environmentally significant inorganic solutes (As(V),
Cr(VI)) using a silica-based microporous membrane func-
tionalized with PLGA (n = 356, attachment density
= 0.010 chains/nm2) is shown inTable 2. The average pore
size of the host material, as determined through software
analysis of SEM images (surface), was 96.4± 40.9 nm.
Prior to polypeptide attachment, the unmodified support
showed no separation of Na2SO4 under these same experi-
mental conditions. Thus, the separation of ionic species can
be attributed solely to the electrostatic interactions between
these charged constituents and the grafted polyelectrolyte.
Based on the results shown inTable 2and the MCLs of
As(V), this particular membrane would be effective treating
groundwater containing∼83.1�g/l as As(V). The results
shown inTable 2correspond to simple systems containing
high levels of the contaminant; therefore, further studies
would be required to establish their applicability to real sys-
tems. Differences in the retention of As(V) and Cr(VI) with
respect to SO42− could be due to partial species ionization
(pKa(HAsO4

2−) = 6.94 [24], pKa(CrO4
2−) = 6.49 [25]).

At pH 8, a small percentage of these toxic metals will exist
as univalent co-ions (H2AsO4

− or HCrO4
−) resulting in

reduced interaction with the negatively charged membrane.
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It should be noted that inorganic arsenic present in drink-
ing water commonly exists in two oxidation states, both
as a trivalent (As(III), H3AsO3) and pentavalent (As(V),
HAsO4

2−) oxyanion. Fortunately, pentavalent arsenic is
more thermodynamically stable in oxic water and predomi-
nates in surface waters at near neutral pH[26]. Under these
same conditions, As(III) remains as a neutral molecule.
Thus, separation of arsenite via charged-based membrane
processes would require a pre-oxidation of As(III) to As(V).

To further illustrate the separation mechanism of these
functionalized membrane materials, neutral solute rejec-
tion studies were performed using 100 mg/l solutions of
144,000 MW dextran. Despite the size of this particular
solute (molecular diameter= 20.0 nm [27]), the modified
support showed negligible solute rejection (1.5%) as is de-
picted inTable 2. On the other hand, divalent ionic species
with much smaller molecular dimensions (i.e. hydrated radii
of SO4

2− and CrO4
2− is 0.379 and 0.375 nm, respectively

[28]) showed retention values greater than 80%. Therefore,
the barrier properties associated with these membranes
are contingent upon charge interactions with the grafted
polypeptide, rather than physical or steric interactions with
the host material.

An aim of this study is to achieve efficient separation of
ionic species from dilute solutions at markedly lower pres-
sures than are generally required by traditional membrane
processes. In general, NF processes operate at applied pres-
sures of around 10 bar[24]. The single salt experiments
reported inTable 2were performed using 0.5 mM solutions
at an applied pressure of 0.7 bar. The separation efficiency
of NF-type membranes is markedly reduced at low applied
pressure due to the increased contribution of diffusion to the
overall solute flux. Through covalent attachment of charged
macromolecules, these same charged-based separations of
ionic species can be attained using membranes with much
larger pore geometries. Thus, a possible application of
PAA functionalized membranes could be the low-pressure
removal of toxic metals, such as As(V) and Cr(VI), from
contaminated water sources. Increasingly lower standards
regarding the presence of these species in drinking water
mandates the development of more energy efficient pro-
cesses designed specifically for the removal of these toxic
compounds from dilute systems.

4.2.1. pH effects
The effects of pH on the ion exclusion of a 9000�g/l

(0.12 mM) arsenate (As(V)) solution using a silica-based
support functionalized with PLGA are shown inFig. 5.
The attachment density associated with this modified sup-
port was 0.007 chains/nm2. Flux data corresponding to this
solute rejection study can be found inFig. 3. At pH 7,
the measured solute rejection of As(V) was 93.2% and the
hydraulic permeability (A) of the functionalized membrane
was 8.8 × 10−4 cm3/(cm2 s bar). A high performance NF
membrane, such as NF45 by Dow-Filmtec®, has a hydraulic
permeability of∼1.1 × 10−4 cm3/(cm2 s bar) [29]. These

Fig. 5. Effect of feed solution pH on the ion exclusion (�P = 0.7 bar)
of a 9000�g/l arsenate (As(V)) solution using a silica-based microp-
orous membrane functionalized with poly(l-glutamic acid) (n= 356,
0.007 chains/nm2).

relatively dense membrane constructs have an active layer
thickness much less than 1�m. In contrast, the microporous
supports used in this study have a membrane thickness in
the range of 250�m. Thus, more significant gains in water
permeability over conventional NF could be achieved using
thinner host materials. The substantial decline in solute
rejection, depicted inFig. 5, at lower pH values was accom-
panied by a marked increase in permeate flux (seeFig. 3).
This suggests that the observed decrease in solute retention
is directly related to the reduced ionization of the grafted
polypeptide and the subsequent increase in the core region
(seeFig. 1). This coupled with the shift in As(V) species
equilibrium results in a solute rejection of 29.3% and a hy-
draulic permeability of 19.2×10−4 cm3/(cm2 s bar) at pH 4.

This pH-dependent behavior was not observed for mem-
branes functionalized with basic poly(amino acids) in the
pH range of 3–8. The effects of solution pH on the solute
rejection of both a PLGA (n= 241, 0.003 chains/nm2) and
PLA (n = 270, 0.002 chains/nm2) functionalized cellulosic
membrane are shown inFig. 6. In general, the solute rejec-
tion achieved using BC supports was lower than correspond-
ing experiments performed using the commercially available
silica–PE composite. This is due primarily to lower polypep-
tide attachment densities, as well as, to slightly larger pore
dimensions. The results shown inFig. 6are for 0.1 mM diva-
lent co-ion (PLGA: SO42−, PLA: Ca2+) solutions at 0.4 bar.
In the high pH regime, both membranes showed approxi-
mately 60% retention of the corresponding solute. At pH 4,
the separation by the positively-charged PLA/BC membrane
remained relatively constant, where as, the solute rejection
observed for the PLGA/BC membrane dropped significantly
to around 20%. These results coincide directly with the per-
meation studies shown inFig. 4and clearly indicate that the
dynamic behavior of PLGA functionalized membranes is
derived from the helix-coil transitions of the attached macro-
molecule. The stable solute rejection observed for support
membranes containing immobilized PLA with regards to
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Fig. 6. Comparison between the effects of pH on the solute rejection
(0.1 mM solutions,�P = 0.4 bar) shown by both a negatively-charged
poly(l-glutamic acid) (PLGA,n = 241, 0.003 chains/nm2) and a posi-
tively-charged poly(l-arginine) (PLA,n = 270, 0.002 chains/nm2) func-
tionalized BC membrane.

solution pH is much more beneficial to ion separations of
this type. In theory, more effective negatively-charged mem-
branes could be developed through the terminal grafting of
synthetic macromolecules with side groups consisting of sul-
fonic acid groups. Polymers of this type would remain ion-
ized over broader pH ranges allowing for efficient separation
of divalent anions under acidic conditions.

4.2.2. Effect of pore coverage
The inverse relationship between solute rejection and hy-

draulic permeability (A) for a BC membrane functionalized
with positively-charged polypeptides of varying degrees
of polymerization (chain length,n = number of repeat
residues) is depicted inFig. 7. These experiments were
performed using 0.125 mM CaCl2 solutions at�P = 1 bar.
The attachment density of the higher molecular weight PLA

Fig. 7. Relationship between the hydraulic permeability (A) and the
solute rejection (�P= 1 bar) of 0.125 mM CaCl2 solutions (pH∼ 6)
for cellulosic membranes functionalized with poly(l-arginine) (PLA) and
poly(l-lysine) (PLL) (n= number of repeat units).

(n = 270) and PLL (n= 461) was 0.002 chains/nm2. For
the lower molecular weight PLA (n= 44), the measured
attachment density was 0.005 chains/nm2. This observed
increase in attachment efficiency can be attributed to greater
mobility of the polypeptide within the membrane pore and
enhanced accessibility of its terminal amine group at lower
molecular weight. The effects of chain length (or degree of
polymerization) and reaction conditions on the attachment
efficiency of poly(amino acids) using this immobilization
technique is discussed in detail in a previous publication[6].

Despite the higher degree of attachment, the lower
molecular weight PLA (n= 44) showed significantly less
solute retention (∼10%) than other modified supports. In
addition, the hydraulic permeability associated with this
support (PLA (n= 44)) was the highest at approximately
8.0×10−4 cm3/(cm2 s bar). Using PLA with a higher degree
of polymerization (n= 270), the solute rejection substan-
tially increased to around 66%. Modification with PLL (n=
461) showed an even further increase in rejection to approxi-
mately 94%. This clearly shows that the effectiveness of this
modified membrane architecture is greatly influenced by the
extension of the membrane charge into the inner portion of
the pore cross-section. Proper pore coverage alleviates the
effects of solute leakage in regions devoid of the charged
macromolecules. However, higher pore coverage (expansion
of the semipermeable PAA region (seeFig. 1)) reduces sol-
vent transport causing a decrease in membrane permeability.

4.2.3. Effect of solute leakage
The dependence of multi-valent solute rejection on

permeate flux for a silica-based microporous membrane
functionalized with PLA (n= 248) is shown inFig. 8.
Selectivity of trivalent Cr(III) over Ca2+ is consistent with
Donnan exclusion theory for positively-charged membranes
with similar counterions (Cl−). However, the observed de-
cline in rejection at higher flux, particularly for Ca2+, is
in direct contrast to experimental trends generally observed

Fig. 8. The relationship between permeate flux and solute rejection of
CaCl2 (0.125 mM) and CrCl3 (0.125 mM) for a silica-based microporous
membrane functionalized with positively-charged poly(l-arginine) (PLA,
n = 248).



74 A.M. Hollman et al. / Journal of Membrane Science 239 (2004) 65–79

Fig. 9. The linear dependence between permeate flux and applied pres-
sure for a silica-based microporous membrane functionalized with posi-
tively-charged poly(l-arginine) (PLA,n = 248).

for ion separations in dense media (i.e. reverse osmosis,
NF). For NF type membranes, solute rejection increases to
asymptotic values with increasing flux due to the reduced
effects of diffusion at higher Peclet numbers. Sustained ion
exclusion is enabled due to a relatively-constant established
electric potential over the pore cross-section for membranes
with nanometer dimensions. On the other hand, the micro-
porous membranes used in this study are characterized by
a non-uniform distribution of fixed charged groups within
the pore geometry. This is due primarily to incomplete
pore coverage by the attached polypeptide resulting from
either non-uniform loading, chain orientation effects or to
a low chain length to pore radius ratio. Also, the presence
of small pores that restrict polypeptide attachment due to
steric constraints contribute to this non-uniform distribution
of charge. At higher applied pressures, there is enhanced
flow through these regions of limited attachment resulting
in decreased solute retention. As shown inFig. 8, the de-
cline in rejection was more pronounced for solutes having
lower co-ion valency. The strong electrostatic interaction
between the membrane and higher valency co-ions, such as
Cr(III), mitigates these solute leakage effects in regions of
low attachment density. Flow-induced effects, such as shear
deformation of the terminally anchored polymer chains,
can be assumed minimal given the linear dependence of
permeate flux with applied pressure as is shown inFig. 9.
Reduction in the hydrodynamic thickness of the PAA layer
(Rc < r ≤ Rp) at higher permeate flux would perhaps be
much more substantial for supports with higher chain den-
sity or at applied pressures beyond those used in this study.

4.2.4. Mixed electrolyte study (effect of valency and feed
concentration)

Mixed electrolyte studies (�P= 0.3 bar) using a ternary
(CrCl3, CaCl2, NaCl) system of ionic species were per-
formed on a silica-based membrane functionalized with PLA
(n = 248). Results of these multicomponent separations at
increasing feed concentration are shown inTable 3. Feed

Table 3
Solute rejection (�P= 0.3 bar) vs. solute concentration for a silica-
based microporous membrane functionalized with positively-charged
poly(l-arginine) (PLA, n = 248) using 1:1:1 mixed electrolyte
(CrCl3:CaCl2:NaCl) solutions (pH 3.5)

Cation Solute rejection (%)

0.125 mM
each (1:1:1)

0.25 mM
each (1:1:1)

0.5 mM
each (1:1:1)

Cr3+ 94.9 85.7 69.1
Ca2+ 93.9 81.9 61.3
Na+ 68.0 39.6 25.9

solutions contained equimolar (1:1:1) amounts of the three
corresponding co-ions (Cr3+, Ca2+, Na+) with a common
counterion (Cl−) at pH 3.5 (prevents hydrolysis of Cr(III)).
The concentration of each co-ion was measured accurately
using AA spectroscopy and the material balance for each co-
ion showed less than 2% error. For each solute, the measured
solute rejection decreased at increased electrolyte concentra-
tions. At higher ionic strength, the electric potential estab-
lished by the fixed membrane charge is reduced resulting in
lower solute rejection. The retention sequence for this modi-
fied membrane support (R(Cr3+) > R(Ca2+) > R(Na+)) is
in accordance with established theory for positively-charged
membranes. Transport models for mixed electrolyte solu-
tions in dense membranes based on the thermodynamics of
irreversible processes can be found in the literature[30,31].
For simplicity, the model proposed in this study will focus
on transport involving single component systems.

4.3. Theoretical analysis

The membranes used in this work are characterized by
pore dimensions in the range of 100–200 nm. Given the
relative size of an ionic solute (∼0.3–0.4 nm), ions can be
treated as point charges (i.e. no size effects) and the radial
distribution of the electric potential within a porous mem-
brane can be described using the Poisson–Boltzmann equa-
tion as first proposed by Probstein et al.[20]. The model
described in this work provides an extension of this general
theory of ion transport to microporous media containing
terminally-anchored charged polyelectrolytes. The effective
membrane charge established by immobilization of these
charged macromolecules was approximated using an effec-
tive surface charge density parameter,qw. Changes in this
parameter with external solution conditions, in particular pH
(i.e. well established for polypeptides), were accounted for
based on the active mass law (Eq. (1)). The conformational
shifts (i.e. helix-coil transitions) of the attached poly(amino
acids) were modeled using a two-region hydrodynamic pore
flow approach accounting for variations in solvent flux with
solution conditions[14]. Model calculations were restricted
to the silica–polyethylene composite membrane utilizing
an average pore size of 96.4 nm. The pore characteristics
of this host material were more easily defined through



A.M. Hollman et al. / Journal of Membrane Science 239 (2004) 65–79 75

Fig. 10. Calculated dependence of the PAA region thickness (Rp −Rc) on
solution pH based on comparison of flux data (�P = 0.7 bar) with the
proposed two-region hydrodynamic pore flow model for a microporous
membrane (diameter= 96.4 nm) functionalized with PLGA (n = 356,
open symbols) and PLA (n = 248, closed symbols).

software analysis of SEM images than the cellulose-based
supports.

4.3.1. Determination of the hydrodynamic thickness of the
brush region

The ratio of porosity to tortuosity (ε/τ) of the unmodi-
fied silica-based support was calculated using the classical
Hagen–Poiseuille equation,

Jv = εRp
2

8µτ

�P

�x
(19)

where�P is the net applied pressure and�x is the mem-
brane thickness (seeTable 1). Using the hydraulic perme-
ability of the unmodified support,A0 (shown inFig. 9), the
ratio of porosity to tortuosity (ε/τ) was determined to be
0.213. Through correction of the experimentally measured
solvent flux,Jv, with this ratio, the effective thickness of the
PAA region was calculated using the two-region pore flow
model (Eqs. (2)–(5)). The calculated change in PAA region
thickness (Rp–Rc) with solution pH for the PLGA (n= 356)
functionalized membranes shown inFig. 3 and the PLA
(n = 248) functionalized membrane shown inFigs. 8 and
9 are given inFig. 10. The thickness of the PAA region for
each PLGA(n= 356)-modified support was found to coin-
cide atκ values of 4.0 and 0.4 × 10−17 m2 for attachment
densities of 0.007 and 0.010 chains/nm2, respectively. Thus,
it was assumed that the radial position of the boundary be-
tween the two regions was dependent solely on the degree of
polymerization (n). At higher attachment, the permeability
associated with the PAA region (κ) was reduced reflecting
greater resistance to solvent transport. The calculated value
of κ for the PLA (n= 248, 0.008 chains/nm2) functionalized
support was 7.5× 10−17 m2. Membranes containing
positively-charged PLA or PLL generally showed greater
hydraulic permeability than those containing negatively-
charged PLGA at approximately the same conditions (chain

density, number of repeat units, etc.). This is reflected in
the slightly higher value ofκ determined for the PLA mem-
brane. Further experimentation is required to effectively
correlate values ofκ for each polypeptide with attachment
density (or polymer volume fraction) as have been done
for other polymer–solvent systems (i.e. PVP/water[14]).
It should be noted that for real systems, the permeability
coefficientκ, associated with PLGA would likely depend
on pH given the conformational transitions of this titrating
polyelectrolyte. For the current analysis,κ was assumed
independent of solution conditions.

The results shown inFig. 10are in qualitative agreement
with established theory for PLGA in homogeneous solu-
tions. At pH 7, the pore coverage of the attached macro-
molecule was∼67.4%. Under acidic conditions (pH 3.9),
this value reduced to around 33.2%, indicating a change in
morphology to the more compact�-helix. The calculated
PAA region thickness for the PLA (n= 248) functionalized
membrane showed no dependence with pH under these con-
ditions. The pore coverage associated with this PLA (n=
248)-silica membrane was approximately 64.7%, slightly
less than PLGA (n= 356) at high pH.

Values corresponding to the PAA region thickness, shown
in Fig. 10, do not represent the overall chain length of the
attached polypeptide. Given the assumption of a model
cylindrical pore with uniform attachment along the pore
wall, calculations of the PAA region thickness should be
viewed as an approximation of the overall pore coverage. A
comparison between the values obtained in this study and
those reported for a PLGA functionalized polycarbonate
(PC) membrane (pore size= 200 nm) are shown inTable 4.
The values reported for the PLGA/PC membrane were esti-
mated using a Hagen–Poiseuille approach based on changes
in the observed solute flux at pH values between 2 and 7
[10]. Track-etched PC membranes are characterized by well-
defined pore dimensions with relatively monodisperse pore
size distribution. Despite these differences in pore geometry,
the values given inTable 4for both supports show similar
trends with solution pH. Changes in the PAA region thick-
ness with pH can be attributed primarily to the enhanced
intramolecular repulsive force between adjacent functionali-
ties at higherα (i.e. at higher pH). In addition, protonation of
the attached polypeptide at lower pH increases its hydropho-

Table 4
Comparison of brush region (Rp−Rc) calculations for the silica/PE support
functionalized with PLGA (n= 356) to values found in the literature for
a gold-coated track-etched polycarbonate membrane functionalized with
PLGA (n = 80, 480) containing terminal thiol functionality[10]

Ito et al. (PLGA–polycarbonate)[10] This work
(PLGA–silica/PE)

pH PAA region thickness (nm) pH PAA region
thickness (nm)

n = 80 n = 480 n = 356

2 1.5 25 3.9 8.8
7 16 42 7 20.7
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Fig. 11. Comparison of experimentally determined solute rejection
(∆P = 0.7 bar) with model calculations for both a silica-based micro-
filtration membrane functionalized with poly(l-glutamic acid) (PLGA,
n = 356, 0.010 chains/nm2, pH 8) and poly(l-arginine) (PLA,n = 248,
0.008 chains/nm2, pH 6).

bicity resulting in greater affinity for the host material. This
would cause the macromolecule to lie on the surface of the
support reducing the overall thickness of the PAA region.

4.3.2. Modeling ion transport
The model proposed in this work is based upon two input

parameters: the effective membrane surface charge density
(qw) (related toQ via Eq. (13)) and the estimated pore cover-
age of the attached polyelectrolyte (position ofRc shown in
Fig. 1). Physical properties of the host material, such as pore
size and thickness, were taken as fixed values determined
through membrane characterization. These properties are of-
ten used as adjustable parameters in models of ion transport
in NF processes[15,18,32]. It should be noted that for the
dilute concentration range used in this work, osmotic pres-
sure effects are negligible. In addition, concentration polar-
ization effects were negligible as verified by comparison of
flux values between pure water and the electrolyte solutions.

Estimates of the PAA region thickness, shown inFig. 10,
require further model verification given that values ofκ for
this polymer–solvent system were not established through
experimental measurement. At a specified value ofκ, the
relationship between pore coverage and pH can be deter-
mined through permeability measurements as described in
Section 4.3.1. Using these calculated values of the PAA re-
gion thickness, the solute rejection can be determined using
Eqs. (11), (12) and (16)–(18). Model calculations of solute
retention should coincide with experimental measurement
at the most accurate estimation ofκ. Therefore, theoretical
evaluation ofκ in this work is an iterative process.

The dependence of solute rejection (at pH 8) on feed
concentration using a silica–PE microporous support func-
tionalized with PLGA (n= 356) and PLA (n= 248) is
shown inFig. 11. These calculations were based on values
of the pore coverage shown inFig. 10. Na2SO4, CaCl2 and
NaCl were chosen as model solutes because the valency as-
sociated with their respective ions is constant under these

pH conditions. Given the pore size of the silica-based sup-
port, bulk diffusion coefficients[33] (Na+: 1.33×10−9 m2/s,
Ca2+: 0.79 × 10−9 m2/s, Cl−: 2.03 × 10−9 m2/s, SO4

2−:
1.06× 10−9 m2/s) were used for all model calculations.

The calculated trend in rejection with feed concentration
shown inFig. 11is dependent upon the relationship between
pore coverage and the fixed membrane charge. Overestima-
tions of the PAA region thickness result in poor data correla-
tion at higher feed concentrations. In the dilute concentration
range, this enhanced PAA region thickness (pore coverage)
will require a lower value of the calculated fixed membrane
charge (Q) to correlate with the experimentally determined
solute rejection. However, the saturation or shielding effect
of ions on this reduced value ofQ (seeEq. (6)) becomes
apparent at lower feed concentration than that observed ex-
perimentally.

The model was found to best correlate with experimental
data using the pore coverage values shown inFig. 10and at
QT equal to 4 mM for the Na2SO4/PLGA system and 3 mM
for NaCl/PLGA. The selection of theseQT values gave an
average relative error between calculated and experimental
values of 7.7 and 11.3% for SO4

2− and Cl−, respectively.
Although the values determined forQT using Na2SO4 and
NaCl were similar, the fact that they were not equivalent
displays the limitations of this modeling approach. A more
rigorous model could incorporate the extent of uniformity
of polypeptide attachment to address solute transport in re-
gions devoid of the charged macromolecules. Therefore, an
increase in the effective membrane charge would be required
to account for these additional solute transport mechanisms
allowing for prediction of the retention of each ion (SO4

2−
and Cl−) using a single parametric value ofQT.

As shown inFig. 11, model calculations were also per-
formed on a positively-charged PLA (n= 248, 0.008
chains/nm2) membrane using CaCl2 as a model divalent
solute. The calculated value ofQT for this CaCl2/PLA sys-
tem was 4 mM showing good agreement with the values
determined for the PLGA functionalized membrane. For
this system (CaCl2/PLA), the average relative error between
calculated and experimental values was 8.3%. These solute
rejection experiments were performed at 0.7 bar resulting in
a Peclet number (based on Ca2+ bulk diffusivity) of ∼7.1.
To provide an estimate of the contribution of diffusion to the
overall solute flux, the concentration gradient term shown
in Eq. (7) can be approximated via Euler’s method using
the membrane phase cation concentration,cm

1 , at both feed
and permeate solution/membrane interfaces. For example
with 0.5 mM CaCl2 solutions, this approach estimates that
diffusive transport contributes about 9% to the overall so-
lute flux. Although this is a rough estimate, it is apparent
that diffusion plays at least a minor role and should not
be neglected in the full model assessment of ion transport
in these modified membrane platforms, particularly at low
pressures. The contribution of convection and electromi-
gration to the overall solute flux is dependent upon the
axial membrane position. At the pore entrance, for exam-
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Fig. 12. Calculated pKa shift of poly(l-glutamic acid) (n= 356) immobi-
lized within a silica-based microporous membrane (diameter= 96.4 nm)
using solute rejection data (�P = 0.7 bar, 0.5 mM Na2SO4, QT = 4 mM).

ple, the contribution of convective transport (estimated as
Jv,pc

m
1 (x = 0)) for a 0.5 mM CaCl2 feed solution is∼67%.

The influence of convection is reduced with axial position
given the corresponding decline in solute concentration. In
fact, as x approaches the membrane thickness (pore exit),
the role of electromigration becomes much more significant
due to the inverse relationship between membrane potential
and solute concentration.

4.3.2.1. Predicting shifts in the average pKa of the attached
polyelectrolyte. A unique aspect of this particular model
is the ability to approximate the average shift in pKa of the
immobilized charged polyelectrolyte based on solute reten-
tion measurements at varying solution pH. The calculated
pKa shift of immobilized PLGA (n= 356) within a mi-
croporous silica-based support using the proposed model is
shown inFig. 12. These calculations were performed assum-
ing an average pKa of the attached polypeptide. Therefore,
the degree of ionization (α) of the polyacid chain was mod-
eled usingEq. (1) with an average dissociation constant,
Ka,ave. The pKa of l-glutamic acid (pKa0) is approximately
4.07 [34]. As shown inFig. 12, calculations based on this
value overestimate the solute rejection in the low pH regime
indicating an increase in the average dissociation constant
associated with the polypeptide. Model calculations corre-
lated best with experimental measurement using an average
pKa of 5.0 (±0.1). This shift in pKa (�pKa = 0.93) cor-
responds fairly well with experimental values found in the
literature for PLGA (n= 620,�pKa = 0.51) in dilute ho-
mogeneous solutions[35]. Therefore, the establishment of
solute rejection data at varying solution pH provides a valu-
able tool for potentially measuring the pKa transitions of
membrane-immobilized polyelectrolytes. The observed in-
crease in�pKa for the immobilized system is perhaps due
to intermolecular interactions between adjacent polypeptide
chains located within this confined pore geometry. In addi-
tion, immobilization itself restricts chain flexibility resulting
in an increase in�pKa.

Fig. 13. Dependence of the calculated solute rejection on (a) fixed
membrane charge (QT) and (b) pore radius for a Na2SO4 solution
(0.5 mM) using a silica-based microporous membrane functionalized with
poly(l-glutamic acid) (n= 356) (pKa = 5, �P = 0.7 bar).

4.3.2.2. Effect of fixed membrane charge (QT ) and pore
radius (Rp) on solute rejection. The dependence of the
calculated solute rejection (0.5 mM Na2SO4) on both the
overall concentration of fixed ionizable groups (QT) and
pore radius (Rp) is shown inFig. 13 ((a) effects ofQT, (b)
effects of Rp). These calculations are based on the PAA
region thickness values shown inFig. 10 for the silica–PE
membrane functionalized with PLGA (n= 356). An av-
erage pKa of 5 was used for the immobilized polypeptide
and the applied transmembrane pressure was 0.7 bar. As
shown Fig. 13a, reduction inQT by a factor of two re-
sults in a significant decrease in retention of dilute diva-
lent solutions (∼30% at pH 8). At lower values ofQT,
the effects of ion partitioning are limited (Eq. (6)) and
the electric potential established by the attached PAA is
reduced resulting in lower ion rejection. Differences in
the calculated rejection associated with each value ofQT
become smaller at lower pH because the degree of ion-
ization (seeEq. (1)) of both membranes is approaching
zero.

The effect of pore radius on the calculated rejection,
depicted inFig. 13b, provides some insight on the pos-
sible significance of pore size distribution. The average
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pore radius (Rp,ave) of the silica-based support used in this
study was 48.2 nm with a standard deviation (σ) of approx-
imately 20.5 nm (σ/Rp,ave = 0.43). Using a log-normal
density function to characterize the pore size distribution,
Saksena and Zydney[36] report that for membranes with
σ/Rp,ave= 0.5 approximately 14% of the pores have radii
Rp > 1.5Rp,ave. Model calculations using an average pore
radius of 75 nm (∼1.5Rp,ave) showed a solute rejection of
approximately 71.4% at pH 8. This value is significantly
lower than that predicted for a membrane with an average
pore size of 48.2 nm (rejection= 88%) due to reduced
PAA pore coverage. These results explain the observed
drop in solute retention shown by these functionalized
supports at higher permeate flux (seeFig. 8). At higher
applied pressure, the flux through these larger pores plays
a more prominent role resulting in lower solute rejec-
tion.

5. Conclusions

The ultra-low pressure (<1 bar) separation of dilute elec-
trolytes, such as environmentally toxic As(V) and Cr(VI),
from aqueous solutions can be achieved in microporous
membranes (cellulosic, silica/polyethylene composites)
through immobilization of charged poly(amino acids).
Ion selectivity was found to depend solely on the acidic
(i.e. PLGA) or basic (i.e. PLA and PLL) properties of
the attached biomolecule. The measured solute retention
was greatly influenced by solute type (i.e. valency, inor-
ganic/organic), ionic strength, solution pH and the loading
and pore coverage (degree of polymerization) of the at-
tached polypeptide. Membranes functionalized with PLGA
showed pH-sensitive permeability and ion-selectivity. This
controlled behavior was attributed to the conformational
transitions of PLGA and was not observed for membranes
functionalized with PLA or PLL.

The proposed model allows for calculation of ion trans-
port in porous media containing immobilized poly(amino
acids) using input parameters of estimated polypeptide pore
coverage and surface charge density. Unlike conventional
NF theory, parameters associated with the host material (i.e.
pore size, thickness) are not used as model parameters. This
model accounts for radial variations in electric potential and
solute concentration, both inherent properties of charged
porous membranes. The dynamic behavior (i.e. pore cover-
age) of the attached poly(amino acids) can be determined
through permeability measurements at varying solution con-
ditions. Thus, changes in the solvent flux due to transitions in
the morphology of the grafted macromolecule are taken into
consideration. Using these estimates of the brush thickness,
the overall fixed membrane charge can be calculated through
comparison of the solute rejection (from model) with ex-
perimentally measured values. Furthermore, this model al-
lows for evaluation of the average pKa associated with the
attached polypeptide. The estimated pKa shift of immobi-

lized PLGA corresponds fairly well with solution-phase ex-
periments found in the literature. Although ion transport in
grafted porous membranes is much more complex than the
behavior described by this idealized approach, these model
calculations provide important fundamental insights regard-
ing the proper design of these advanced membrane architec-
tures.
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Nomenclature

A hydraulic permeability (cm3/(cm2 s bar))
ci concentration of ioni (mol/m3)
Cm

i centerline ion concentration in the membrane
phase (mol/m3)

Di ion diffusivity (m2/s)
F Faraday constant (96487 C/mol)
[H+] proton concentration in solution (mol/m3)
Ji overall ion flux in the pore (mol/(m2 s))
jr,i ion flux in the radial direction (mol/(m2 s))
jx,i ion flux in the axial direction (mol/(m2 s))
Jv total solvent flux (m/s)
Jv,p solvent flux within the membrane pore (m/s)
Ka dissociation constant (mol/m3)
Ka0 apparent dissociation constant of the

corresponding monomer (mol/m3)
Ki defined byEq. (18)
Li defined byEq. (18)
n number of repeat units associated with an

amino acid sequence
P hydraulic pressure (bar or Pa)
qw charge density based on the internal surface

of the pore (C/m2)
Q fixed charge density based on the internal

volume of the pore (mol/m3)
QT total available ionizable groups based on the

pore volume (mol/m3)
r radial variable of pore (m)
R gas constant (J/(mol K))
Rc position of the radial interface between the

core and PAA regions (m)
Rp pore radius (m)
T absolute temperature (K)
u solution velocity (m/s)
x axial variable of capillary (m)
zi valency of ioni
zx valency of membrane charge
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Greek letters
α degree of ionization
ε membrane porosity
ε dielectric permittivity of the electrolyte

solution (∼6.93× 10−10 C2/(J m))
ϕ axial electrostatic potential (V)
Φ total electrostatic potential in pore (V)
κ Debye–Brinkman permeability coefficient (m2)
µ dynamic viscosity (Pa s)
σ standard deviation
τ membrane tortuosity
ψ radial electrostatic potential (V)

Subscripts
c core region
1 cation
2 anion

Superscripts
B PAA region
m membrane phase
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